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A B S T R A C T
Bioinspired polymer–nanoparticle–fluorosurfactant complex composite coatings are shown to display fast-
switching oleophobic–hydrophilic properties. The large switching parameters (difference between the equili-
brium oil and water static contact angles) are attributed to nanoparticle enhanced surface roughening (leading to
improvement in hydrophilicity and oleophobicity for optimum nanoparticle loadings). Nanoparticle in-
corporation also increases hardness of the coatings (durability). Porous substrates coated with these poly-
mer–nanoparticle–fluorosurfactant complex composite coatings are found to readily separate oil–water mixtures
under both static and continuous flow as well as displaying antibacterial surface properties against Escherichia
coli (Gram-negative bacteria) and Staphylococcus aureus (Gram-positive bacteria). A key advantage of this ap-
proach for coating substrates is its single-step simplicity. Potential applications include provision of safe drinking
water, environmental pollution clean-up, and anti-fogging.
1. Introduction
Oil-spill clean-up is an important environmental challenge due to
the significant long-term effects such accidents have on oceans and
aquatic species [1–6]. Absorbent materials are reported to remove oil
from oil–water mixtures—however, these materials need additional
steps to remove the absorbed oil and to regenerate the material for re-
use; and water absorption during oil recovery reduces their efficiency
(unsuitable for continuous oil–water separation processes) [7–13]. Se-
paration membranes which have opposing wetting properties towards
water versus oil can be utilised for continuous oil–water mixture se-
paration [14–21]. Due to the relative surface energies of typical oils
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(20–30 mN m−1) versus water (72mN m−1), conventional membranes
repel water while allowing oil to pass through [22–24]. However, these
oleophilic–hydrophobic materials are easily fouled by oils causing
blockage and a drop in efficiency. Furthermore, the greater density of
water compared to oils can lead to the formation of a surface water
layer which blocks the passage of oil [25]. Simply by reversing the
wettability, these drawbacks can be overcome (oleophobic–hydrophilic
surfaces repel oil but are wetted by water). Oils are repelled and so do
not easily foul the surface, while the hydrophilic nature of such mate-
rials helps to remove any contaminants in contact with the surface [26].
The main disadvantage of such oleophobic–hydrophilic surfaces has
been the complexity of their preparation and methods of application.
One approach for oleophobic–hydrophilic surfaces has been the use of
superhydrophilic surfaces—when underwater, the water layer forma-
tion on the surface helps to repel oils providing an underwater oleo-
phobic surface [27–29]. The major disadvantage of these underwater
oleophobic–hydrophilic systems is that the filter must constantly be
kept in a wetted state (as soon as the filter dries up the oil will pass
through) [30]. They are also easily contaminated by oils due to their in-
air oleophilic properties. Therefore, surfaces which display both in-air
oleophobicity and hydrophilicity are more desirable for oil–water se-
paration applications. In addition, these are also suitable for other uses
such as anti-fogging [26,31–33] and self-cleaning [26,31,32].
One way to fabricate oleophobic–hydrophilic surfaces is to utilise
polymer–fluorosurfactant complexes (the fluorosurfactant complexes to
the polymer backbone through electrostatic interaction) [34–37]. These
surfaces can be prepared either by a multi-step layer-by-layer approach
[38,39] or by direct application of the polymer–fluorosurfactant com-
plex onto the substrate [40–42]. For both cases, the oil repellency of the
polymer–fluorosurfactant coating stems from the low-surface-energy
fluorinated tail of the fluorosurfactant being orientated towards the
air–solid interface [43]. This localises the hydrophilic fluorosurfactant
head groups in the sub-surface region where they are complexed to the
hydrophilic groups of the polymer. When water molecules are placed
onto the surface, they wick down towards the hydrophilic subsurface
resulting in surface wetting [44]. It has been suggested that this hap-
pens through defects in the fluorinated layer, whilst oil molecules are
too large to penetrate them [45,46]. Another possible mechanism is
water-induced surface rearrangement of the fluorinated chains allowing
penetration of the water molecules; whilst in the presence of oils, this
rearrangement does not take place, and so the top-most low-surface-
energy fluorinated chains repel oil [47].
Early reports of polymer–fluorosurfactant coated surfaces showed
little difference between the oil and water contact angles [34,37,43,48].
Improvements in hydrophilicity were subsequently achieved through
the utilisation of plasma polymer–fluorosurfactant coatings leading to
larger switching parameters (the difference in the static hexadecane
and water contact angles)—however, this remained a two-step process
[49–51]. Although single-step processes have been reported, these
surfaces tend to be initially hydrophobic, and it can take several min-
utes for them to achieve their final hydrophilic state [40,41]. One no-
table exception has been fast-switching copolymer–fluorosurfactant
surfaces where water wets within 10 s whilst oleophobicity is retained
[42]. This oil repellency was improved further through the use of sol-
vent-induced roughening to yield switching parameters in the order of
100°. A comparable switching parameter (90–95°) has been reported by
adding nanoparticles to the polymer–fluorosurfactant complex solution
mixture—however, oil–water separation experiments take several
minutes to allow the water to pass through due to the requirement for
very small aperture meshes (∼42 to 60 μm), therefore this system is not
suitable for continuous oil–water separation [47]. Although good initial
oil repellency and hydrophilicity have been reported for a layer-by-
layer approach where the polymer, fluorosurfactant, and silica nano-
particles are deposited in sequential steps—this is a lengthy process and
not well suited to industrial scale-up [39,52].
In this study, nanocomposite oleophobic–hydrophilic surfaces have
been deposited in a single step by using polymer–nanoparticle–-
fluorosurfactant complexes which display a marked enhancement in the
switching parameter. Coating of large aperture (310 μm) meshes pro-
vides for high efficiency continuous oil–water separation performance,
Scheme 1. The incorporation of nanoparticles improves the hardness
(durability) and enhances oleophobicity / hydrophilicity (switching
parameter) of the coatings. The latter is akin to how the roughness of
plant leaves can give rise to either hydrophobicity or hydrophilicity
depending upon surface functional groups [53,54]. The constituent
cationic polymer poly(diallyldimethylammonium) imparts antibacterial
properties. Although polymeric quaternary ammonium–surfactant
complexes have previously been utilised for their antimicrobial prop-
erties, they have not been developed for oil–water separation to provide
multi-functional surfaces [55,56]. This concept is important in relation
to real-world scenarios, where the simultaneous oil–water separation
and killing of bacteria during filtration is highly desirable for safe
human water consumption and pollution clean-up.
2. Experimental
2.1. Polymer–particle–fluorosurfactant complex coatings
Aqueous poly(diallyldimethylammonium chloride) (PDDA; Sigma-
Aldrich Ltd., 20 wt % in H2O) was diluted in high-purity water (ISO
3696 grade 2) at a concentration of 2% w/v and the solution allowed to
shake for 2 h. If particles were to be incorporated into the coating, then
these were ultrasonically dispersed for 1 h in the poly(diallyldimethy-
lammonium chloride) solution at various loadings (loadings are per-
centage weights by volume (% w/v) of the particle dispersed in the
polymer solution). The range of particles investigated are detailed in
Table 1.
Anionic phosphate fluorosurfactant (Capstone FS-63, DuPont Ltd.)
or amphoteric betaine fluorosurfactant (Capstone FS-50, DuPont Ltd.)
Scheme 1. Cationic poly(diallyldimethylammonium)–anionic fluorosurfactant
complex containing negative surface charged nanoparticles.
Table 1
Details of the particles used.
Particle Surface
Charge
Average Particle
Size
Supplier
SiO2 Negative 7 nm Degussa Aerosil®
300
SiO2 Negative 100 μm Crosfield Catalysts
SiO2, methacryloyl
functionalised
Negative 12 nm
(100–200 nm
average aggregate
size)
Degussa Aerosil®
R711
SiO2, hexadecylsilane
functionalised
Negative 12 nm Degussa Aerosil®
R816
Graphene Negative < 2 μm Strem Chemicals
Al2O3 Positive 13 nm Degussa
Aluminiumoxid C
ZnO Positive < 100 nm Sigma-Aldrich Ltd.
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were further diluted in high-purity water at a concentration of 5% v/v.
The fluorosurfactant solution was added dropwise in a 1:4 vol. ratio to
the prepared polymer–particle solution whilst stirring leading to the
formation of a polymer–particle–fluorosurfactant complex. The pre-
cipitated solid complex was collected from the liquid phase and rinsed
with high-purity water followed by drying on a hotplate. The obtained
dry solid was dissolved at a concentration of 1% w/v in ethanol
(+99.8 wt %, Fisher Scientific UK Ltd.) to provide the coating solution.
Glass microscope slides (Academy Science Ltd.) and silicon wafers
(Silicon Valley Microelectronics Inc.) were used as flat substrates. These
were cleaned prior to coating by sonication in a 50%:50% propan-2-ol
(> 99.5 wt %, Fisher Scientific UK Ltd.)/cyclohexane (≥99.7%, Sigma-
Aldrich Ltd.) mixture, followed by UV/ozone treatment (BioForce
Nanosciences Inc., model UV.TC.EU.003), and finally another sonica-
tion step in the propan-2-ol/cyclohexane mixture. Coatings were ap-
plied either by solvent casting (solution was dispensed onto the sub-
strate and the solvent allowed to evaporate), or by spray coating using a
pressurised spray gun (RG-3 L, Anest Iwata Inc.). For the oil–water se-
paration experiments, stainless steel mesh (#50, 0.20mm wire dia-
meter, 0.31mm aperture, The Mesh Company Ltd.) was spray coated.
The stainless steel mesh substrates were cleaned prior to coating by
rinsing with propan-2-ol.
2.2. Sessile drop contact angle analysis
Sessile drop contact angle analysis was carried out on coated glass
slide substrates with a video capture system in combination with a
motorised syringe (VCA2500XE, AST Products Inc.). 1 μL droplets of
ultrahigh-purity water (BS 3978 grade 1) and hexadecane (99%, Sigma-
Aldrich Ltd.) were dispensed for water and oil contact angle measure-
ments respectively. Following dispensation of the probe liquid onto the
coated substrate, a snapshot of the image was taken and analysed using
the VCA-2500 Dynamic/Windows software. The water contact angle
(WCA) was measured as soon as the droplet was placed onto the surface
and again after a period of 10 s—this was done in order to observe any
change in the WCA over a short time period due to the “switching”
behaviour of these surfaces (a short time of 10 s was chosen because
coatings required for oil–water separation applications need to switch
quickly in order to attain high efficiencies). The hexadecane contact
angle (HCA) was measured as soon as the droplet was placed onto the
surface and it was observed not to vary with time. The reported contact
angle measurements were made after rinsing samples with water and
drying in air. Switching parameters were determined by calculating the
difference between the equilibrium hexadecane and water static contact
angles.
2.3. Captive bubble
Captive bubble contact angle analysis was carried out on coated
glass slide substrates with the video capture system in combination with
a captive bubble attachment dispensing approximately 1 μL air bubbles
(VCA captive bubble accessory, AST Products Inc.). Following release of
the air bubble onto the coated substrate under water, the droplet was
viewed using the VCA-2500 Dynamic/Windows software.
2.4. Scanning electron microscopy
Coated silicon wafer substrates were mounted onto carbon disks
supported on aluminium stubs, and then coated with a thin gold layer
(5–10 nm, Polaron SEM Coating Unit, Quorum Technologies Ltd.).
Surface morphology images were acquired using a scanning electron
microscope (model Vega 3LMU, Tescan Orsay Holdings a.s.) operating
in secondary electron detection mode, in conjunction with an 8 kV
accelerating voltage, and a working distance of 8–11mm.
2.5. Microindentation
Hardness values were obtained for coated silicon wafer substrates
using a microhardness tester (model MVK-H2, Mitutoyo Inc.) fitted with
a standard Vickers tip. Five microindentation measurements were made
across the surface for each applied force (international standard ASTM
E384–11e1) [57].
2.6. Oil–water separation
Oil–water separation experiments were carried out using the coated
stainless steel mesh substrates. An agitated mixture of oil (hexadecane,
99%, Sigma-Aldrich Ltd.) and water (high-purity, ISO 3696 grade 2)
was poured over the stainless steel mesh. The mesh was either placed
horizontally above one beaker or at an incline above two beakers for
batch and continuous separations respectively. In order to enhance the
visual contrast, Oil Red O (≥75% dye content, Sigma-Aldrich Ltd.) and
Procion Blue MX-R (35% dye content, Sigma-Aldrich Ltd.) were added
to the oil (red) and water (blue) respectively.
2.7. Antibacterial activity
Gram-negative Escherichia coli BW25113 (CGSC 7636; rrnB3
ΔlacZ4787 hsdR514 Δ(araBAD)567 Δ(rhaBAD)568 rph-1) and Gram-
positive Staphylococcus aureus (FDA209P, an MSSA strain; ATCC 6538P)
bacterial cultures were prepared using autoclaved (Autoclave Vario
1528, Dixons Ltd.) Luria-Bertani broth (L3022, Sigma-Aldrich Ltd.)
media (2% w/v in Milli-Q water). A 5mL bacterial culture was grown
from a single colony for 16 h at 37 °C and 50 μL used to inoculate a
sterile polystyrene cuvette (67.742, Sarstedt AG) containing Luria-
Bertani broth (1mL). The cuvette was covered with Parafilm (Cole-
Parmer Ltd.) and then placed inside a bacterial incubator shaker (Stuart
Orbital Incubator S1500, Cole-Parmer Ltd.) set at 37 °C and 120 rpm.
An optical density OD650nm=0.4 was verified using a spectro-
photometer (BOECO S-30, Boeckel GmbH) to obtain bacteria at the
mid-log phase of growth.
Pieces of non-woven polypropylene sheet (0.11mm thickness,
22.7 ± 1.1 μm fibre diameter, Spunbound, 70 g m−2, Avoca Technical
Ltd., UK) were spray coated with either poly(diallyldimethylammo-
nium)–anionic fluorosurfactant complex or poly(diallyldimethy-
lammonium)–3% w/v silica (7 nm)–anionic fluorosurfactant complex
solutions, and the carrier solvent allowed to evaporate. Uncoated con-
trol samples were washed in absolute ethanol for 15min and then dried
under vacuum in order to make sure they were sterile and clean. At
least 4 different batches of each type of coated sample, as well as the
control uncoated non-woven polypropylene sheet, were tested for an-
timicrobial activity.
Sterile microtubes (1.5mL, Sarstedt AG) were loaded with the un-
coated, polymer–fluorosurfactant or polymer–nanoparticle–-
fluorosurfactant coated non-woven polypropylene sheet. Next, 100 μL
of the prepared bacteria solution was placed onto each sheet (so that
the microorganisms could interact with the surface), and left to in-
cubate (Bacterial Incubator 250, LMS Ltd.) at 30 °C for 16 h. Next, au-
toclaved Luria-Bertani broth media (900 μL) was pipetted into each
microtube and vortexed (Vortex-Genie 2, Scientific Industries Inc.) in
order to recover the bacteria as a 10-fold dilution (10−1). Further ten-
fold serial dilutions were performed to give 10−2, 10−3, 10−4, 10−5
and 10−6 samples. Colony-forming unit (CFU) plate counting was
performed by placing 10 μL drops from each sample onto autoclaved
Luria-Bertani solid agar plates (EZMix™ powder, dust free, fast dissol-
ving fermentation medium, L7533, Sigma-Aldrich Ltd.) and incubated
(Bacterial Incubator 250, LMS Ltd.) at 30 °C for 16 h. The number of
colonies visible at each dilution were then counted.
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3. Results and discussion
3.1. Sessile drop contact angle
Oleophobic–hydrophilic surfaces were prepared using either anionic
or amphoteric fluorosurfactants in combination with poly(diallyldi-
methylammonium chloride), Scheme 1. The oleophobicity of poly-
mer–fluorosurfactant complex surfaces can be attributed to the fluori-
nated surfactant tails being orientated towards the air–solid interface
exposing the low surface energy terminal CF3 groups [43]. Conse-
quently, the hydrophilic ionic surfactant head groups and the com-
plexed polymer counterionic groups are buried within the subsurface
region. When droplet water molecules come into contact with these
polymer–fluorosurfactant surfaces, they are able to diffuse towards
these underlying hydrophilic groups via one of two mechanisms: either
the water molecules wick down towards the hydrophilic subsurface
region due to defects at the air–solid interface [44], or the hydrophilic
subsurface is exposed to the water molecules as a consequence of water-
induced molecular rearrangement of the fluorinated chains [47]. Both
mechanisms can account for the time-dependent hydrophilicity of the
polymer–fluorosurfactant complex surfaces (it either takes time for the
water molecules to penetrate through the defects, or it takes time for
the fluorinated chains to orientate during the water-induced molecular
rearrangement). The oleophobic behaviour can also be accounted for on
the basis of either mechanism. In the case of the defect mechanism, the
much larger oil molecules are unable to penetrate any film defects, and
so only come into contact with the low surface energy fluorinated tails.
Alternatively, if the mechanism involves a water-induced molecular
rearrangement, then the oleophobicity occurs as a result of the fluori-
nated chains remaining exposed at the air–solid interface when in
contact with oil. Hence, the polymer–fluorosurfactant complex surfaces
display the observed switching oleophobic–hydrophilic properties (the
difference between the static water and oil contact angles). Previously
reported polymer–fluorosurfactant complex surfaces have tended to
exhibit relatively small switching parameters [34,35,37,43,47,48]
(usually as a result of poor oleophobicity) or display long switching
times [40,41] (taking several minutes for the water droplets to fully wet
the surface). Furthermore, the current single-step application metho-
dology is far more straightforward compared to earlier lengthy layer-
by-layer approaches involving multiple steps.[39]
Nanoparticle incorporation into these coatings led to an enhance-
ment in the switching parameter (the difference between the equili-
brium oil and water static contact angles) by either decreasing the
water contact angle (WCA) or by increasing the hexadecane contact
angle (HCA)—optimally a combination of both, Fig. 1. This improve-
ment in surface oleophobicity and hydrophilicity relative to the nano-
particle-free control samples can be attributed to the impact of surface
roughening upon Wenzel [58] and Wenzel/Cassie–Baxter [59] states of
wetting respectively. Eventually, a critical nanoparticle loading value is
reached beyond which the switching behaviour starts to deteriorate.
Prior to a drop in performance, the poly(diallyldimethylammoniu-
m)–anionic fluorosurfactant complex system was found to accom-
modate higher loadings of 7 nm silica nanoparticles (3% w/v) com-
pared to the poly(diallyldimethylammonium)–amphoteric
fluorosurfactant complex system (1.5% w/v), and therefore the former
was chosen for further investigation. At these optimum nanoparticle
loadings, the surface became completely wetting towards water within
10 s, Supplementary Material Table S 1 and Table S 2. Such hydro-
philicity is suitable for anti-fogging applications [42]. Similar trends
were observed for both spray coating and solvent casting methods of
application. Such incorporation of nanoparticles into coating surfaces
mimic nanoscale roughness widely found on plant surfaces for the en-
hancement of liquid wettability [60] / repellency [61].
A range of other unfunctionalised and functionalised negatively
charged nano- and micron-size particles were also found to enhance the
switching parameter (this can be attributed to their electrostatic ability
to complex to the positively charged polymer backbone), Fig. 2. On the
other hand, positively charged alumina and zinc oxide nanoparticles
performed less well. In the case of alumina nanoparticles, their inclu-
sion at a loading of 3% w/v gave rise to a detrimental effect on the
switching parameter stemming from a large rise in the water contact
angle. Alkyl functionalised silica nanoparticles showed greater oleo-
phobicity at low loadings (1% w/v) compared to unfunctionalised silica
nanoparticles—this is probably due to the surface alkyl group oleo-
phobicity. At higher loadings (3% w/v), the alkyl functionalisation of
nanoparticles appeared not to provide any significant advantage, Fig. 2.
Given that the poly(diallyldimethylammonium)–anionic fluor-
osurfactant complex system with 3% w/v loading of 7 nm silica nano-
particles displayed the largest switching parameter, this was selected
for further investigation.
3.2. Captive bubble contact angle
For the superhydrophilic poly(diallyldimethylammonium)–3% w/v
silica (7 nm)–anionic fluorosurfactant and poly(diallyldimethylammo-
nium)–1.5% w/v silica (7 nm)–amphoteric fluorosurfactant complex
coated substrates, it was found that the air bubble did not release from
the needle upon contact with the sample surfaces (superhydrophilicity
[62]). Increasing the size of the air bubble until it eventually released
from the needle led to the bubble simply rising towards the sample
Fig. 1. Water contact angle (WCA after 10 s) and hexadecane contact angle
(HCA) for coated flat glass substrates as a function of 7 nm silica nanoparticle
loading concentration in poly(diallyldimethylammonium)–silica precursor so-
lution mixed with: (a) anionic fluorosurfactant; and (b) amphoteric fluor-
osurfactant.
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followed by running along the coating surface and off the edge, Sup-
plementary Material Video S1. Hence, the captive bubble contact angle
value of 180° correlates to the calculated WCA of 0° (at 10 s) from the
sessile drop technique [63]. This surface hydrophilicity (low water
contact angle) can be attributed to a water layer being present on the
surface—the water layer effectively repels the air bubble preventing it
from adhering to the coating surface [64].
The difference observed between the sessile drop and the captive
bubble methods for measurements made at t=0 s is because the
timescale to “switch” is about 10 s for the former, whereas the prior
immersion of sample into water for the latter has already caused the
surface rearrangement (“switch”)—thereby effectively making the
captive bubble WCA unchanged between t=0 s and t=10 s.
3.3. Scanning electron microscopy
Scanning electron microscopy (SEM) showed that in the absence of
silica nanoparticles, the coatings are relatively smooth with any minor
roughness features attributable to the spray coating process, Fig. 3. The
incorporation of nanoparticles enhances the coating surface roughness
for both the poly(diallyldimethylammonium)–anionic fluorosurfactant
and poly(diallyldimethylammonium)–amphoteric fluorosurfactant sys-
tems. The scale of the surface roughness features is approximately
Fig. 2. Oleophobic–hydrophilic switching parameters for various spray coated
poly(diallyldimethylammonium)–particle–anionic fluorosurfactant complex
coatings at 3% w/v particle loading in poly(diallyldimethylammo-
nium)–particle precursor solution. Switching parameters are calculated from
the difference between the hexadecane and water static contact angles (after
10 s). Nanoparticle surface charge is indicated within brackets as (−) or (+).
Fig. 3. SEM images of spray coatings with and
without nanoparticles: (a) poly(diallyldi-
methylammonium)–anionic fluorosurfactant;
and (b) poly(diallyldimethylammonium)–am-
photeric fluorosurfactant. The silica (7 nm) na-
noparticle loadings correspond to the best
switching parameters (3% w/v and 1.5% w/v
for (a) and (b) respectively). Higher resolution
images are shown in Supplementary Material
Figure S1.
Fig. 4. Vickers hardness number measured for various applied microindenta-
tion forces as a function of 7 nm silica nanoparticle loading concentration for
poly(diallyldimethylammonium)–silica–anionic fluorosurfactant spray coated
onto silicon wafer substrates.
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100–200 nm in size which is consistent with there being encapsulation
of the nanoparticles within the polymer–fluorosurfactant complex host
matrix (rather than due to discrete individual 7 nm silica nano-
particles).
3.4. Hardness
Microindentation measurements showed that for a given indenta-
tion force, the hardness improved with rising silica nanoparticle
loading, Fig. 4. In the absence of or at low loadings of silica nano-
particles (1% w/v silica), a large indentation force of 490mN was
sufficient to pierce through the coatings causing the underlying silicon
substrate to crack (i.e. a hardness value could not be measured at this
high force). At low indentation forces (20mN), the coatings with 2% w/
v and 3% w/v nanoparticle loadings displayed no visible indent (i.e.
scratch-resistant). Therefore, a force of 98mN or 245mN was employed
in order to follow the effect of varying silica loading—both forces
showed that the hardness increases with rising silica loading, Fig. 4.
3.5. Oil–water separation
Poly(diallyldimethylammonium)–anionic fluorosurfactant complex
and poly(diallyldimethylammonium)–3% w/v silica (7 nm)–anionic
fluorosurfactant coated horizontal meshes displayed oil–water separa-
tion behaviour, Fig. 5. High-purity water passed through both uncoated
and coated meshes, whilst oil (hexadecane) did not pass through the
coated mesh—thereby demonstrating that the coated mesh can separate
oil from water with 100% efficiency.
By inclining the coated meshes above two beakers, oil–water mix-
tures could be separated into the respective beakers, Fig. 6 and Sup-
plementary Material Video S3. The small amount of water (less than 5%
vol.) which passes into the oil beaker is due to some of the water being
dragged along by the oil across the mesh as it passes across it, and could
be easily removed by repeating the procedure. The oil–water separation
is highly reproducible with over 50 coatings having been tested. Similar
performance was measured for vegetable cooking oil, Supplementary
Material Video S 4.
Fig. 5. Oil (hexadecane)–water separation
performance of uncoated mesh, poly(diallyldi-
methylammonium)–anionic fluorosurfactant
complex spray coated mesh, and poly(dia-
llyldimethylammonium)–3% w/v silica
(7 nm)–anionic fluorosurfactant spray coated
mesh. See also Supplementary Material Figure
S2 and Video S2. Poly(diallyldimethylammo-
nium) is abbreviated as PDDA.
Fig. 6. Separation of an oil (hexadecane)–water mixture using a poly(diallyldimethylammonium)–3% w/v silica (7 nm)–anionic fluorosurfactant spray coated mesh.
Oil is dyed red and water is dyed blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
Fig. 7. Antibacterial activity against E. coli (Gram-negative) and S. aureus
(Gram-positive) bacteria: (a) untreated non-woven polypropylene sheet control;
(b) poly(diallyldimethylammonium)–anionic fluorosurfactant complex spray
coated non-woven polypropylene sheet; (c) poly(diallyldimethylammo-
nium)–3% w/v silica (7 nm)–anionic fluorosurfactant spray coated non-woven
polypropylene sheet. Reported values are averaged over at least 4 different
values with standard deviation error.
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3.6. Antibacterial activity
E. coli bacteria often found in drinking water supplies [65] and S.
aureus bacteria present in seawater [66] are both harmful to human
health. The control untreated non-woven polypropylene sheet dis-
played E. coli and S. aureus bacterial counts of 2.88 ± 0.39×109 CFU
mL−1 at 10−6 dilution (n=6, standard deviation error) and
2.70 ± 0.73×109 CFU mL−1 at 10−6 dilution (n= 4, standard de-
viation error) respectively, Fig. 7. Both poly(diallyldimethylammoniu-
m)–anionic fluorosurfactant and poly(diallyldimethylammonium)–3%
w/v silica (7 nm)–anionic fluorosurfactant complex coated non-woven
polypropylene sheets showed high antibacterial activity against the E.
coli and S. aureus bacteria tested. The former reduced the number of
both E. coli and S. aureus bacteria to zero at 10−1 dilution, whilst the
latter exceeded +99.99% killing (2.83 ± 4.34×104 CFU mL−1) of E.
coli bacteria at 10−2 dilution (n=6, standard deviation error) and
+99.97% killing (6.50 ± 6.65×105 CFU mL−1) of S. aureus bacteria
at 10−3 dilution (n=4, standard deviation error), Fig. 7.
Such utilisation of cationic poly(diallyldimethylammonium) poly-
mers for fluorosurfactant complex formation incorporates the added
benefit of antibacterial poly(diallyldimethylammonium) quaternary
ammonium centres [67,68]. These antimicrobial properties arise due to
the interactions of the positively charged ammonium group with the
negatively charged head groups of phospholipids in bacterial mem-
branes which cause disruption of the membrane leading to cell leakage
and eventually cell death [69–71]. The measured +99.99% (E. coli)
and +99.97% (S. aureus) bacterial kill rate for poly(diallyldimethy-
lammonium)–3% w/v silica (7 nm)–anionic fluorosurfactant complex
coated non-woven polypropylene sheets can be attributed to surface
roughness lowering available anchoring points for bacteria attachment
(reduction in available area of contact with the bacteria’s outer surface
[72]). The small difference in bacteria kill rates between E. coli and S.
aureus for poly(diallyldimethylammonium)–3% w/v silica (7 nm)–a-
nionic fluorosurfactant complex coated non-woven polypropylene
sheets may be due to differences in the outer surface structures of the
two species [73].
4. Conclusions
Multifunctional fast-switching oleophobic–hydrophilic coatings
have been prepared using polymer–nanoparticle–fluorosurfactant
complexes. These can be deposited in a single step by spraying or
solvent-casting. Electrostatic attraction of negatively charged nano-
particles (silicas and graphene) within cationic poly(diallyldimethy-
lammonium)–anionic fluorosurfactant complex films introduces sur-
face roughening which enhances hydrophilicity and oleophobicity as a
consequence of Wenzel and Wenzel/Cassie–Baxter wetting states re-
spectively. These surfaces provide high-efficiency continuous oil–-
water separation. Nanoparticle incorporation also improves coating
hardness (durability). The cationic polymer quaternary ammonium
centres present within these polymer–nanoparticle–fluorosurfactant
complex systems impart antibacterial surface properties (including
against water-borne E. coli (Gram-negative) and S. aureus (Gram-po-
sitive) bacteria). Other applications include antibacterial–antifogging
surfaces.
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